Glucocorticoids are stress hormones that modulate metabolic, inflammatory and cardiovascular processes. We recently characterized DahlS.Z-Lepr fa /Lepr fa (DS/obese) rats, derived from a cross between Dahl salt-sensitive (DS) and Zucker rats, as a new animal model of metabolic syndrome (MetS). We have now investigated the effects of glucocorticoid receptor (GR) blockade on cardiac and adipose tissue pathology and gene expression, as well as on glucose metabolism in this model. DS/obese rats were treated with the GR blocker RU486 (2 mg kg − 1 per day, subcutaneous) for 4 weeks beginning at 9 weeks of age. Age-matched homozygous lean (DahlS.Z-Lepr + /Lepr + , or DS/lean) littermates of DS/obese rats served as controls. Treatment of DS/obese rats with RU486 attenuated left ventricular (LV) fibrosis and diastolic dysfunction, as well as cardiac oxidative stress and inflammation, without affecting hypertension or LV hypertrophy. Administration of RU486 to DS/obese rats also inhibited the upregulation of GR and 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) expression at the mRNA and protein levels in the heart; it attenuated adiposity and adipose tissue inflammation, as well as the upregulation of GR and 11β-HSD1 mRNA and protein expression in adipose tissue; it ameliorated fasting hyperinsulinemia as well as insulin resistance and glucose intolerance. Our results thus implicate the glucocorticoid-GR axis in the pathophysiology of MetS, and they suggest that GR blockade has therapeutic potential for the treatment of this condition.
INTRODUCTION
Glucocorticoids influence a wide variety of physiological functions, including immune and inflammatory responses, stress responses and metabolism. 1 Both in vivo and in vitro studies have also implicated glucocorticoids in the development of cardiac hypertrophy, a major cause of heart failure. 2, 3 Indeed, circulating glucocorticoid levels are an independent risk factor for cardiovascular disease, 4 and glucocorticoids can both positively and negatively influence cardiac function through direct effects on cardiomyocytes. 5 Glucocorticoid excess is a prototypical component of metabolic syndrome (MetS), which is characterized by several closely related disorders including obesity, hyperglycemia, dyslipidemia, hypertension and insulin resistance. 6, 7 11β-Hydroxysteroid dehydrogenase type 1 (11β-HSD1) is expressed in tissues and cells that are important for metabolic (liver and adipose tissue), inflammatory (macrophages) and cardiovascular (vascular smooth muscle) function. 8, 9 Given that 11β-HSD1 acts predominantly as a reductase in vivo, converting inactive cortisone into active cortisol, increased expression of 11β-HSD1 leads to glucocorticoid excess. 10 The glucocorticoid receptor (GR), which belongs to the nuclear receptor superfamily of ligand-dependent transcription factors, 11 is expressed in the heart, 12, 13 but the specific role of glucocorticoid signaling in cardiomyocytes is poorly understood. In contrast to the mineralocorticoid receptor (MR), which binds both aldosterone and glucocorticoids with similar affinities, the GR binds glucocorticoids with higher affinity than aldosterone. 14 The circulating concentration of glucocorticoids is two to three orders of magnitude greater than that of aldosterone, and cardiomyocytes express minimal activity for 11β-HSD2, which converts glucocorticoids to inactive metabolites. 15 MRs in the heart are thus thought to be occupied predominantly by glucocorticoids, suggesting that both the GR and MR are potential mediators of glucocorticoid signaling in the heart. 5 Indeed, we recently showed that exogenous glucocorticoids activate cardiac MRs in adrenalectomized Dahl salt-sensitive (DS) rats. 16 However, the role of the glucocorticoid-GR system in obesity and MetS has remained unclear.
We recently established a new animal model of MetS, the DahlS. Z-Lepr fa /Lepr fa (DS/obese) rat, by crossing DS rats with Zucker rats harboring a missense mutation in the leptin receptor gene (Lepr). When fed a normal diet, DS/obese rats develop a phenotype, including hypertension, similar to MetS in humans. They also develop cardiac abnormalities as well as fat-induced liver damage. 17 The cardiac abnormalities include left ventricular (LV) diastolic dysfunction, as well as LV hypertrophy and fibrosis, and these changes are associated with increased cardiac oxidative stress and inflammation. 18 Our recent results implicated the aldosterone-MR axis in hypertension and cardiac injury in DS/obese rats. 19 We have now investigated the effects of the GR antagonist RU486 on cardiac and adipose tissue pathology and gene expression, as well as on glucose metabolism in DS/obese rats.
METHODS

Animals and experimental protocols
Male inbred DS/obese rats were injected subcutaneously with RU486 (2 mg per kg body weight per day; MetS+RU486 group) or vehicle (MetS group) from 9 weeks of age and were compared with homozygous lean (DahlS.Z-Lepr + /Lepr + , or DS/lean) rats (CONT+RU486 and control (CONT) groups). Body weight as well as food and water intake were measured weekly. For an oral glucose tolerance test, glucose (2 g kg − 1 ) was administered orally early in the morning to rats that had been deprived of food overnight. For an insulin tolerance test, human insulin (0.75 U kg − 1 ; Eli Lilly Japan K.K., Kobe, Japan) was injected intraperitoneally in rats that had been deprived of food for 6 h beginning at 0900 hours. At 13 weeks of age, rats were anesthetized by intraperitoneal injection of ketamine (50 mg kg − 1 ) and xylazine (10 mg kg − 1 ) for echocardiographic and hemodynamic analyses. The animals were subsequently killed; the heart and both visceral (retroperitoneal and epididymal) and subcutaneous (inguinal) fat tissue were removed and weighed; and LV tissue was dissected from the heart for analysis. Further details are provided in the Supplementary Information.
Echocardiographic and hemodynamic analyses
Systolic blood pressure (SBP) and heart rate were measured weekly in conscious animals by tail-cuff plethysmography (BP-98A; Softron, Tokyo, Japan). At 13 weeks of age, rats were subjected to transthoracic echocardiography, as described previously. 20 Further details are provided in the Supplementary Information.
Other methods
Measurement of metabolic and hormonal parameters, histology and immunohistochemistry, assay of superoxide production, reverse transcription and real-time PCR analysis and immunoblot analysis are described in the Supplementary Information.
Statistical analysis
Data are presented as means ± s.e.m. Differences among groups of rats at 13 weeks of age were assessed by one-way factorial analysis of variance (ANOVA); if a significant difference was detected, intergroup comparisons were performed with Fisher's multiple-comparison test. The time courses of body weight, food intake, SBP and heart rate, as well as the oral glucose tolerance test and insulin tolerance test curves, were compared among groups by two-way repeated-measures ANOVA. The independent or interactive influence of rat genotype and RU486 treatment on various parameters in the four experimental groups was evaluated with two-way factorial ANOVA. A P-value of o0.05 was considered statistically significant.
RESULTS
Physiological parameters
Body weight, food intake and SBP were significantly higher, whereas heart rate was significantly lower, in the MetS group compared with Table 1 ). At 13 weeks of age, the ratios of heart or LV weight to tibial length (indices of cardiac and LV hypertrophy, respectively) were significantly increased in the MetS group compared with the CONT group, and treatment with RU486 did not significantly affect these changes ( Table 1 ). The ratios of visceral (retroperitoneal or epididymal) or subcutaneous (inguinal) fat weight to tibial length were increased in the MetS group compared with the CONT group, and RU486 significantly reduced the ratios of retroperitoneal or subcutaneous fat weight to tibial length in MetS rats. Both fasting serum glucose and plasma insulin concentrations were significantly higher in the MetS group than in the CONT group, and these changes were attenuated in the MetS+RU486 group (Table 1) . Homeostasis model assessment of both insulin resistance (HOMA-IR) and β-cell function (HOMA-β) were also significantly increased in the MetS group, and RU486 attenuated these effects in MetS rats. Moreover, RU486 ameliorated the reduced glucose tolerance and the insulin resistance apparent in MetS rats (Figures 1e and f) . The plasma concentration of corticosterone was similar in all four groups of rats (Table 1 ). There was no significant difference in plasma aldosterone concentration between the CONT and the MetS groups. RU486 significantly increased plasma aldosterone concentration in DS/lean rats but not in DS/obese rats.
Echocardiography revealed that the interventricular septum thickness, LV posterior wall thickness, LV fractional shortening, LV ejection fraction, LV mass and relative wall thickness were significantly increased in the MetS group compared with the CONT group (Supplementary Table 1 ). With the exception of relative wall thickness, these parameters were not affected by treatment of MetS rats with RU486. The ratio of the peak-flow velocity at the mitral level during rapid filling to that during atrial contraction (E/A ratio) was significantly reduced, whereas the deceleration time, isovolumic relaxation time and the time constant of isovolumic relaxation (tau), as well as the LV end-diastolic pressure and the ratio of LV enddiastolic pressure to the LV end-diastolic dimension, were increased in the MetS group compared with the CONT group. All of these changes were attenuated in the MetS+RU486 group. These data thus indicated that RU486 attenuated LV remodeling, preserved LV systolic function and ameliorated LV diastolic dysfunction in DS/obese rats.
Cardiomyocyte hypertrophy as well as cardiac fibrosis and gene expression
Microscopic analysis revealed that the cross-sectional area of cardiac myocytes was increased in the MetS group compared with the CONT group, and this effect was not influenced by the treatment with RU486 (Figures 2a and b ). Hemodynamic overload resulted in marked upregulation of the expression of fetal-type cardiac genes, including those for atrial natriuretic peptide, brain natriuretic peptide and β-myosin heavy chain, in the MetS group, and these changes were also not substantially affected by RU486 (Figures 2c-e ).
Azan-Mallory staining revealed that fibrosis in perivascular and interstitial regions of the LV myocardium was increased in the MetS group compared with the CONT group, and this effect was ameliorated by the treatment of MetS rats with RU486 (Figures 2f-i). The abundance of collagen types I and III mRNAs, as well as the amounts of connective tissue growth factor and transforming growth factor-β1 mRNAs, were also increased in the MetS group in a manner sensitive to treatment with RU486 (Figures 2j-m).
Cardiac oxidative stress
Superoxide production in myocardial tissue sections, as revealed by staining with dihydroethidium, as well as the activity of reduced NADPH oxidase in homogenates of LV tissue were significantly increased in the MetS group compared with the CONT group (Figures 3a-c). Cardiac expression of genes for the p22 phox and gp91 phox membrane components and for the p67 phox and Rac1 cytosolic components of NADPH oxidase was also upregulated in the MetS group (Figures 3d-g) . RU486 treatment attenuated all of these effects in MetS rats.
Cardiac inflammation
Immunostaining for the monocyte-macrophage marker CD68 revealed that macrophage infiltration in the LV myocardium was 
Cardiac renin-angiotensin-aldosterone system and glucocorticoid-related gene expression
The amounts of angiotensin-converting enzyme, MR, serum/glucocorticoid-regulated kinase 1, 11β-HSD1 and GR mRNAs in the left ventricle were increased in the MetS group compared with the CONT group, and these effects were attenuated in the MetS+RU486 group (Figures 4a-e ). The amounts of 11β-HSD1 and GR proteins in the left ventricle showed a pattern similar to that for the corresponding mRNAs in the four experimental groups (Figures 4f and g) . There was no significant difference in the amount of 11β-HSD2 mRNA in the heart between the CONT and MetS groups ( Supplementary Figure 1) . RU486 increased the expression of 11β-HSD2 gene in the heart of the MetS group but not in that of the CONT group.
Adipocyte hypertrophy as well as adipose tissue inflammation and gene expression
Hematoxylin-eosin staining and immunostaining for the monocytemacrophage marker CD68 revealed that adipocyte cross-sectional area and macrophage infiltration in visceral adipose tissue were increased in the MetS group compared with the CONT group, and these effects were attenuated by RU486 (Figures 5a and b ; Table 1 ). The expression of MCP-1, COX-2 and TNF-α genes in visceral adipose tissue was also increased in the MetS group, and these effects were attenuated in the MetS+RU486 group (Figures 5c-e ). The amounts of 11β-hydroxylase, 11β-HSD1 and GR mRNAs in adipose tissue were also increased in the MetS group in a manner sensitive to RU486 treatment (Figures 5f-h) .
The amounts of 11β-HSD1 and GR proteins in adipose tissue showed a pattern similar to that for the corresponding mRNAs in the four experimental groups (Figures 5i, j) . The 11β-HSD2 mRNA was expressed at only minimal levels in the adipose tissue of rats in the four experimental groups (data not shown).
Influences of genotype and RU486 treatment
We also analyzed all the data of the study by two-way factorial ANOVA in order to determine the influences of rat genotype and RU486 treatment and the possible interaction of these factors (data not shown). There were no interactions between strains and RU486 treatment in body weight, tibial length or food intake (data not shown). The interaction was significant in SBP, whereas there were no significant differences in heart rate, heart weight or LV weight. Although there were no interactions in adipose tissue weights (retroperitoneal, epididymal or inguinal fat), it was significant in cross-sectional area of visceral adipocytes. In glucose metabolism, they were significant in fasting serum glucose, fasting plasma insulin, HOMA-IR, oral glucose tolerance test and insulin tolerance test (except for HOMA-β). No significant interaction was detected in plasma corticosterone. With regard to echocardiographic and hemodynamic analyses, there were no interactions in LV dimensions (LV end-diastolic dimension and LV end-systolic dimension), wall thicknesses (interventricular septum thickness and LV posterior wall thickness), LV systolic function (LV fractional shortening and LV ejection fraction) or LV mass. The markers of cardiomyocyte hypertrophy (myocyte cross-sectional area, atrial natriuretic peptide, brain natriuretic peptide and β-myosin heavy chain) had no interaction. However, in relative wall thickness, E/A ratio, deceleration time, isovolumic relaxation time, Tei index, tau, LV end-diastolic pressure and LV end-diastolic pressure/LV end-diastolic dimension, the interactions were all significant. Significant interactions were observed in perivascular and interstitial fibrosis, and fibrosis-related genes (collagen I, connective tissue growth factor, and transforming growth factor-β1). There were significant interactions in cardiac oxidative stress (dihydroethidium staining, NADPH oxidase activity, p22 phox , gp91 phox and Rac1), cardiac inflammation (CD68-positive cells, MCP-1, osteopontin and COX-2) and cardiac renin-angiotensin-aldosterone system (RAAS) (angiotensin-converting enzyme, MR and serum/glucocorticoid-regulated kinase 1) and glucocorticoid-related (11β-HSD1 and GR) gene expressions. Finally, the interactions in adipose tissue inflammation (CD68-positive cells, MCP-1 and COX-2) and glucocorticoid-related gene expression (11β-hydroxylase, 11β-HSD1 and GR) were all significant. Thus, the data analyzed by twoway factorial ANOVA were compatible with the original results analyzed by 1-way factorial ANOVA.
DISCUSSION
We have here shown that the GR antagonist RU486 attenuated LV fibrosis and diastolic dysfunction as well as LV oxidative stress and inflammation, without lowering blood pressure, in DS/obese rats. In addition, treatment with RU486 ameliorated glucose intolerance and insulin resistance, reduced adiposity and adipose tissue inflammation, attenuated the upregulation of 11β-HSD1 and GR mRNA and protein expression in adipose tissue and the heart. These findings suggest that activation of glucocorticoid-GR signaling may contribute to the pathophysiology of MetS and its associated complications. The elevation of SBP in DS/obese rats was accompanied by increases in both HOMA-IR and cardiac inflammation, consistent with the notion that insulin resistance and inflammation may give rise to altered vascular function and thereby lead to hypertension. 21, 22 Although cortisol, the major glucocorticoid in humans, has many effects on the brain, heart, blood vessels, kidney and body fluid compartments, the precise mechanism by which it increases blood pressure is unclear. 23 Treatment with RU486 did not affect hypertension in DS/obese rats, suggesting that GRs may not contribute to the development of hypertension in these animals. These data are consistent with previous results showing that RU486 did not modify adrenocorticotropic hormone-induced hypertension despite demonstrable anti-glucocorticoid actions in rats. 24 In contrast, other studies have shown that RU486 reduced both blood pressure 25 and body weight. 26 Such discrepancies might be due to differences in the dose of RU486 administered, which was smaller in the present study than in these latter two studies. 26, 27 Cardiac pathology associated with glucocorticoid excess may be secondary to the adverse systemic effects of these steroids, such as the development of hypertension and MetS. RU486 did not affect cardiac hypertrophy or upregulation of the expression of fetal-type cardiac genes including those for atrial natriuretic peptide, brain natriuretic peptide and β-myosin heavy chain in the heart of DS/obese rats. Direct activation of GR signaling in cardiomyocytes may negatively affect cardiac function by promoting pathological cardiac hypertrophy. 3, 27 In contrast, genetically engineered mice that overexpress GR specifically in cardiomyocytes do not develop spontaneous cardiac hypertrophy, but they do manifest conduction defects such as atrioventricular block. 28 Cardiac fibrosis is a pathological feature associated with hypertension and gives rise to LV diastolic dysfunction, likely as a result of increased LV diastolic stiffness. 29 RU486 ameliorated LV fibrosis and diastolic stiffness as well as attenuated LV oxidative stress and inflammation, without lowering blood pressure, in DS/obese rats, implicating GRs in the development of cardiac fibrosis and diastolic dysfunction in these animals. These data suggest that glucocorticoid effects are mediated via both MRs and GRs in the heart. 30 They are also consistent with evidence that cardiomyocyte hypertrophy is primarily load dependent, whereas cardiac fibrosis is mostly load independent. 31 Although RU486 does not bind to the MR or the estrogen receptor, it antagonizes the progesterone receptor to reduce MR expression and transcriptional activity. 32 Thus, the blockade of progesterone receptors might explain in part the anti-fibrotic effect of RU486 observed in the heart of DS/obese rats, even though they are male rats.
Macrophages have been implicated in fibrosis associated with various pathological conditions. We recently showed that macrophage infiltration into the interstitial space of the LV myocardium was accompanied by increased expression of genes for proinflammatory proteins such as MCP-1 and TNF-α in the heart of DS/obese rats, 18 consistent with previous observations showing the upregulation of proinflammatory factors in obese humans. 33 These changes may thus contribute to the development of myocardial fibrosis in DS/obese rats. 34, 35 RU486 attenuated macrophage infiltration into the myocardium as well as the upregulation of MCP-1, osteopontin, COX-2 and TNF-α gene expression in the heart of DS/obese rats, indicating that RU486 alleviated cardiac inflammation in these animals. These results also support the previous finding that GRs are present in inflammatory cells, including macrophages, that invade vascular lesions. 36 Increased oxidative stress has been recognized in experimental animal and human obesity and may contribute to the development of MetS. 37 We found that RU486 attenuated increases in both the NADPH-dependent generation of superoxide and the expression of NADPH oxidase subunit genes in the heart of DS/obese rats, indicating that GR blockade reduced cardiac oxidative stress.
The RAAS has also been implicated in the pathogenesis of MetS. 38 Our recent data suggest that relative aldosterone excess and activation of the cardiac RAAS may contribute to cardiac remodeling and diastolic dysfunction in DS/obese rats. 18 We have also found that both increased oxidative stress and MR activation in the heart may promote LV remodeling and diastolic dysfunction in DS/obese rats, 19 consistent with a causative role for RAAS activation in the development of cardiac injury associated with MetS. 39 In the present study, RU486 attenuated the upregulation of mRNAs for angiotensinconverting enzyme, the MR and the aldosterone effector kinase serum/glucocorticoid-regulated kinase 1 in the heart of DS/obese rats, indicating that GR signaling may contribute to activation of the cardiac RAAS. We also confirmed that there was no significant difference in plasma aldosterone concentration between the CONT and MetS groups. 18, 19 RU486 increased plasma aldosterone levels in DS/lean rats but not in DS/obese rats. These results are somewhat similar to those of a previous study with Zucker rats showing that RU486 significantly reduced plasma aldosterone concentration in obese rats but not in lean rats. 40 These findings also suggest that RAAS in the adrenal glands or adipose tissue might be regulated by GRs. RU486 also attenuated the increased expression of the GR and 11β-HSD1 apparent at the mRNA and protein levels in the heart of DS/obese rats, suggesting that cardiac glucocorticoid activity may promote LV remodeling and diastolic dysfunction in these animals. Expression of 11β-HSD2 gene in the heart was similar in the CONT and the MetS group and RU486 increased the expression of 11β-HSD2 gene in the heart of the MetS group but not in that of the CONT group. Thus, in the heart of DS/obese rats, GRs could be involved in the control of local glucocorticoid levels by coordinately regulating both 11β-HSD1 and 11β-HSD2 gene expression. Together, these findings suggest that, in addition to MRs, GRs may also contribute to the pathogenesis of LV remodeling and diastolic dysfunction in DS/obese rats. As insulin resistance (HOMA-IR) was not affected by eplerenone, 19 the pathophysiology of MetS per se may be primarily dependent on the glucocorticoid-GR axis.
Glucocorticoids promote the differentiation of pre-adipocytes into mature adipocytes and regulate adipose tissue distribution and function, and they are, therefore, associated with the accumulation of body fat. 41, 42 RU486 reduced visceral (retroperitoneal) and subcutaneous fat mass in DS/obese rats. It also attenuated adipocyte hypertrophy as well as macrophage infiltration and the upregulation of MCP-1, COX-2 and TNF-α gene expression in visceral adipose tissue of these animals. Moreover, RU486 prevented the increase in the amount of 11β-hydroxylase (the enzyme responsible for the final step of corticosterone biosynthesis) mRNA, as well as the upregulation of 11β-HSD1 and the GR mRNA and protein expression in visceral adipose tissue of DS/obese rats. These results suggest that RU486 might inhibit both adiposity and adipose tissue inflammation in DS/obese rats by reducing glucocorticoid activity, leading to amelioration of insulin resistance and other beneficial changes in various features of MetS. Our findings are also consistent with previous results showing that central or truncal obesity is linked to insulin resistance 7 and that adipose tissue-specific amplification of glucocorticoid signaling induces all the characteristic features of MetS. [43] [44] [45] Activation of GRs in adipocytes results in increased expression of lipoprotein lipase (LPL) gene and enhances triglyceride storage. Our data are consistent with previous results showing that visceral adipocytes express higher numbers of GRs and exhibit the expected increase in LPL responsiveness to glucocorticoids and that 11β-HSD1 activity is very high in visceral adipose tissue. 45 Thus, the visceral fat depot is likely to contribute strongly to the production of high local concentrations of glucocorticoids.
Glucocorticoids clearly possess immunosuppressive actions. In fact, anti-inflammatory genes including interleukin-10, whose deletion in mice results in increased susceptibility to inflammatory disease, 46 are markedly increased by glucocorticoids. Contrary to popular belief, however, the present results showed that blockade of GRs with RU486 attenuated inflammatory responses in adipose tissue and the heart, suggesting that activation of GR signaling can induce inflammation. In support of this notion, at the gene cluster level, a previous report showed a bidirectional action of glucocorticoids, which are both immunostimulatory and immunosuppressive at the same time even for the inflammation cluster. 47 In addition, at the single gene level, there was an opposite regulation of molecules implicated in the inflammatory and immune responses by glucocorticoids, depending on the state of cellular activation. This effect may underscore that the GR signaling may be mediated by a different set of transcription factors, coactivators and corepressors, allowing a switch in promoter activity depending on the cellular activation status. 48 Our results are also consistent with the notion that, in general, glucocorticoids are immunostimulatory within the normal physiologic range of hypothalamus-pituitary-adrenal axis activity and immunoinhibitory when glucocorticoid levels are increased, as in chronically stressed animals. 49 In contrast, there are reports that MRs are chronically occupied by glucocorticoids 50 and MR activation may have a crucial role in corticosteroid-induced adipogenesis. 51 In the presence of GR knockdown as well as in GR knockout adipocytes, corticosterone increased the expression of genes for proinflammatory cytokines (MCP-1). Whereas GR knockout adipocytes displayed a mildly impaired adipogenesis during early differentiation, MR knockout cells completely failed to accumulate lipids. 52 Moreover, MR, but not GR, knockdown inhibited glucocorticoid-induced adipose conversion of 3T3-L1 cells. 51 Progesterone stimulates food intake and promotes fat deposition and indeed RU486 appears to be more sensitive in female than in male obese rats. 53 On the other hand, the similarity between the effects of RU486 and adrenalectomy on obesity in Zucker fatty rats and in dietary models, suggests that it is the GR rather than the progesterone receptor that regulates the development of obesity. 40 Nevertheless, we cannot rule out the possibility that inhibition of the progesterone receptor/MR axis may have been partly responsible for the beneficial effects of RU486 on glucose metabolism and inflammatory responses in the adipose tissue. RU486 is also an antagonist of androgen receptors. 40 Evidence suggests that androgen deficiency in males and androgen excess in females produce metabolic dysfunction via deficient or excessive action of androgen receptors, respectively, in multiple tissues. 54 Although both male and female DS/obese rats are infertile, it is possible that blockade of androgen receptors with RU486 may have affected glucose and energy metabolism in our rats.
Our observation that the plasma corticosterone concentration was not affected by RU486 in DS/obese or DS/lean rats appears inconsistent with previous results showing that GR blockade with RU486 increased serum corticosterone levels in rats. 26, 53 Again, this discrepancy might be due to the smaller dose of RU486 administered in our study than in these previous studies. However, another study in which RU486 was administered to rats at a dose higher than that used in our study also found a lack of effect on plasma corticosterone concentration. 40 As the present study did not compare the effects of GR and/or MR blockade, we cannot determine the relative contribution of each receptor to the pathophysiology of MetS and its associated complications. However, we speculate that glucocorticoid-GR axis, together with aldosterone-MR and glucocorticoid-MR axes, may be intricately involved in adipose tissue dysfunction and cardiac injury associated with MetS.
In conclusion, the GR antagonist RU486 attenuated LV fibrosis and diastolic dysfunction as well as LV oxidative stress and inflammation, without lowering blood pressure, in DS/obese rats, an animal model of MetS. In addition, RU486 improved systemic glucose metabolism, ameliorated adipose tissue pathology, attenuated the upregulation of 11β-HSD1 and GR mRNA and protein expression in both adipose tissue and the heart. Activation of glucocorticoid-GR signaling may thus contribute to the pathophysiology of MetS and its associated complications, and GR blockade may therefore be effective for the treatment of MetS. The regulatory events leading to aberrant glucocorticoid-GR activity under conditions of insulin resistance or Type 2 diabetes are less clear. Further investigations are required to clarify the role of GRs and MRs in the pathogenesis of MetS and its associated cardiovascular complications.
